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COLD-AIR PERFORMANCE OF A 12.766- CENTIMETER- TIP- DIAMETER

AXIA L- FLOW -COOLED TURBINE

I - DESIGN AND PERFORMANCE OF A SOLID BLADE CONFIGURATION

by Jeffrey E. Haas and Milton G. Kofskey

Lewis Research Center and
U.S. Army Air Mobility R&D Laboratory

SUMMARY

As part of a technology program to determine the effects of cooling air discharge on

the aerodynamic performance of small turbines, an uncooled solid blade version of a

12. 766-centimeter-tip-diameter, single-stage, axial-flow turbine was designed, built,
and tested to determine its performance over a range of speed and pressure ratios. The

results of this investigation will be used as a baseline for comparison with those, obtained

from a cooled version of this turbine.

The turbine design point was based on driving a 10-to-1 pressure ratio compressor

at a rotative speed of 70 000 rpm with a turbine inlet temperature of 1478 K. The com-

pressor drive turbine was designed for near optimum work factor and solidity. The

solid blade version of this turbine was designed for minimum tip clearance and the min-

imum allowable leading and trailing edge thicknesses from a manufacturing standpoint

for solid blades. The resulting design had a blade number and an aspect ratio that were

twice that of the cooled version. Cold-air tests were made at speeds from 0 to 105 per-

cent of equivalent design speed and total to static pressure ratios from 1.62 to 5.07.

The results of this investigation indicated a total efficiency of 83.2 percent at both

equivalent design speed and pressure ratio and equivalent design speed and work factor.

This was 1. 8 percentage points less than the 85 percent selected for this design.

A flow area mismatch occurred between the stator and rotor because the stator

throat area was fabricated 5. 5 percent undersize. A reference turbine with a similar

anomaly was used to show that the performance penalty associated with this flow area

mismatch would be less than one efficiency point.



INTRODUCTION

Engine performance in terms of specific fuel consum.ption and specific power or

thrust for the small gas turbine engine in the 1.00-kilogram-per-second, 225- to

375-kilowatt class has not kept pace with that achieved in larger engines. This results

from the fact that, as engine size is reduced, it becomes increasingly difficult to main-

tain geometric similarity with larger engines. That is, such parameters as tip clear-

ance, aspect ratio, and trailing edge blockage must change from the optimum values

established for larger engines.

To achieve high specific work in a gas turbine engine requires a high compressor

pressure ratio and high turbine inlet temperature. A high compressor pressure ratio,
together with the small mass flow, results in a turbine design with a small annulus area

and therefore, a small blade height. High turbine inlet temperature (above 1300 K) ne-
cessitates the use of cooling air with further compromises in the stator and rotor blad-

ing (longer chord lengths and thicker blades) to provide adequate space for cooling pas-

sages and to maintain structural integrity. The longer chord lengths and smaller blade

heights force the turbine towards a low aspect ratio design with a resulting efficiency

penalty.

As indicated in reference 1 this efficiency penalty results primarily from increased
secondary flow losses. For small blade height designs, the secondary flow fields en-
compass a significant portion of the airflow channel and interact in the airfoil midspan
region, causing high losses. Tip clearance losses are more severe because a tip clear-
ance of 1 to 1. 5 percent of the blade height as used in larger engines is not practical in

small turbines. Also, practical manufacturing tolerance limits make it more difficult
to fabricate blade profiles to the same degree of accuracy achieved in larger engines.
Together, these effects could reduce the level of efficiency in small turbines by five
points compared with a large turbine of comparable loading, Mach number, and turning
angle.

As part of the small turbine technology program at the Lewis Research Center, a
two-phase program was initiated to determine (1) the baseline level of efficiency achiev-
able and (2) the aerodynamic penalties incurred in cooling turbines in the 1-kilogram-
per-second mass flow class. This program includes both axial- and radial-flow tur-
bines. A compressor drive turbine application for a two-stage, 10-to-i pressure ratio
compressor with a mass flow of 0.952 kilogram per second, a rotative speed of
70 000 rpm, and a turbine inlet temperature of 1478 K was selected to design both an
axial and a radial turbine. The single-stage axial turbine designed for this application
has a 12. 766-centimeter tip diameter, and near optimum work factor and solidity.
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For the purpose of determining the level of achievable aerodynamic performance, a

solid blade configuration was selected. A minimum tip clearance and the minimum al-

lowable leading and trailing edge thicknesses from a manufacturing standpoint of solid

blades were used. The resulting design had a blade number and an aspect ratio that

were twice that of the cooled version.

This report presents the design and experimental investigation of the solid blade

turbine. The experimental investigation was conducted at turbine inlet conditions of

approximately 8. 27 newtons per square centimeter and 300 K over a range of speeds

from 0 to 105 percent of equivalent design speed, and over a range of total to static

pressure ratio from 1.62 to 5.07.

Included in this report are turbine design information and turbine performance re-

sults in terms of equivalent mass flow, equivalent work, equivalent torque, efficiency,
and rotor exit flow angle. Results of a radial survey at design equivalent total to static

pressure ratio and rotative speed are also included.

SYMBOLS

A area, cm

Ah specific work, J/g

N rotative speed, rpm

p absolute pressure, N/cm 2

R gas constant, J/(kg)(K)

Rx blade reaction, (W2 - W2)/2 Ah

r radius, m

T absolute temperature, K

U blade velocity, m/sec

V absolute gas velocity, m/sec

W relative gas velocity, m/sec

w mass flow, kg/sec

a absolute gas flow angle measured from axial direction, deg

prelative gas flow angle measured from axial direction, deg

y ratio of specific heats
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6 ratio of inlet total pressure to U.S. standard sea-level pressure, p'1/p*

E function of y used in relating parameters to those using air inlet conditions at

U.S. standard sea-level conditions, (0. 7 40/y)(y + 1)/27/(-1)

IL local efficiency (based on local conditions at rotor exit)

is static efficiency (based on inlet total to exit static pressure ratio)

7t total efficiency (based on inlet total to exit total pressure ratio)

0cr squared ratio of critical velocity at turbine inlet temperature to critical velocity
at U.S. standard sea-level temperature, (Vcr/V* )cr cr

T torque, N-m

w turbine speed, rad/sec

Subscripts:

cr condition corresponding to Mach number of unity

eq equivalent

t rotor tip

u tangential component

1 station at turbine inlet (fig. 5)

2 station at stator exit (fig. 5)

3 station at rotor exit (fig. 5)

Superscripts:

absolute total state

* U.S. standard sea-level conditions (temperature, 288.15 K; pressure,
10.13 N/cm 2)

TURBINE DESIGN

The turbine used in this experimental investigation was the solid blade version of a

turbine designed to drive a two-stage, 10-to-1 pressure ratio compressor with a mass

flow of 0.952 kilogram per second, a rotative speed of 70 000 rpm, and a turbine inlet

temperature of 1478 K. A list of both the engine design conditions and the equivalent

design conditions for this turbine are presented in table I. As discussed in the INTRO-

DUCTION, this turbine was designed for near optimum work factor and solidity. For the

solid blade version, minimum tip clearance for hot operation, and the minimum allow-

able leading and trailing edge thicknesses from a manufacturing standpoint were used.
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A total efficiency of 85 percent was selected for the solid blade version of the turbine as

being achievable in this size class. An optimum design of a large turbine with the same

work factor would be expected to' have an efficiency of about 91 to 92 percent in cold-air

operation.

The turbine was designed as a single-stage unit with both the stator and rotor blad-

ing being untwisted and untapered. An untwisted, untapered design was selected for the

cooled turbine design. A desire to maintain similar stator and rotor blade profiles be-

tween the uncooled and cooled designs dictated this selection.

Selecting an untwisted design, however, can result in undesirable effects due to in-

cidence, reaction, and radial distribution of specific work as compared to a free-vortex

design. In reference 2 a method was presented for calculating the radial distribution of

specific work for an untwisted rotor blade design. The results obtained using: this meth-

od for the subject' turbine indicated that no efficiency penalty would occur due to the ra-

dial' distribution of specific work.

With the aid of reference 3 an analysis was made' to determine incidence losses.

The design incidence angles are 7.40, -1. i0, and -149°at the hub, mean, and tip,

respectively. For these incidence angles the analysis indicated that the blade profile

loss would be: small. Therefore, any efficiency penalty would:be small and was neglect-

ed in the design.

Design values of reaction R x were 0.335, 0.440, and 0. 512 at the hub, mean, and

tip, respectively. This level- of reaction at the tip section could increase the tip clear-

ance loss compared to a lower reaction blade.

For a larger turbine a tip clearance of about 1. 5 percent of the blade height could be

specified. :However, this percentage cannot be scaled to smaller turbines having small

blade heights. Engine transient conditions limit the tip clearance in turbines of this size

to a level of about 0.25 millimeter, which in this turbine is about 2.4 percent of the blade

height.'

In order to minimize tip clearance effects, the clearance was Obtained by a recess

in the outer casing above the rotor blade tips. A previous investigation (ref. 4) indicated

that a recessed casing would be the optimum tip clearance configuration.

Table II lists some of the physical parameters'for this turbine. An aspect ratio of

1.00 was selected.' The solidities of 1.61 and l.70 for 'the stator and rotor, respective-

ly, are close to the optimum' as defined in reference 6 'Using these values of solidity

and aspect ratio resulted in 56 stator blades and 59 rotor blades.

Figure 1 shows the: velocity :diagrams as, calculated at the hub, mean, and tip di-

ameters. It can be seen'that the stator discharge angle is a constant 74.20 and the rotor'

discharge angle is: a constant 61.90 from hub to tip.
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The blade surface velocities at the hub, mean, and tip diameters as calculated from
the computer program of reference 7 are shown in figure 2 for the stator and rotor. The
figure shows that there was no large diffusion predicted for any of the three blade sec-

tions.

Figure 3(a) is a photograph of the stator assembly, and figure 3(b) is a photograph

of the rotor and shaft assembly. These photographs show some of the design features
of this turbine.

APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE

The apparatus used in this investigation consisted of the subject turbine, an airbrake

dynamometer used to absorb and measure the power output of the turbine, an inlet and

exhaust piping system including flow controls, and appropriate instrumentation. A sche-

matic of the experimental equipment and instrument measuring stations is shown in fig-

ure 4. A cross-sectional view of the turbine is shown in figure 5.

Instrumentation at the turbine inlet (station 1) measured static pressure and total
temperature. Static pressures were obtained from eight taps with four on the inner wall
and four on the outer wall. The inner and outer taps were located opposite each other at
900 intervals around the circumference at a distance approximately two axial chord
lengths upstream of the stator. The temperature was measured with three thermocouple
rakes, each containing three thermocouples at the area center radii of three equal annu-
lar areas.

At station 3, approximately three axial chord lengths downstream of the rotor, the
static pressure, total pressure, total temperature, and flow angle were measured. The
static pressure was measured with eight taps with four each on the inner and outer walls.
These inner and outer wall taps were located opposite each other at 900 intervals around
the circumference. A self-alining probe was used for measurement of total pressure,
total temperature, and flow angle.

There were four total temperature rakes, each containing three thermocouples, at
station 4 located about 15.7 centimeters downstream from the rotor exit. Temperatures
from these rakes were used to calculate a turbine temperature efficiency. This efficien-
cy was used to check the turbine torque efficiency as calculated from torque, speed, and
mass flow measurements. Torque efficiency is presented in this report.

The rotational speed of the turbine was measured with an electronic counter in con-
junction with a magnetic pickup and a shaft-mounted gear. Mass flow was measured with
a calibrated critical flow nozzle. An airbrake dynamometer absorbed the power output
of the turbine. Torque was measured by the airbrake, which was supported on trunion
gas bearings. The torque load was measured with a commercial strain-gage load cell.
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In order to obtain aerodynamic performance, friction torque was added to dyna-

mometer torque. The friction torque from the bearings, seal, and coupling windage was

obtained by driving the rotor and shaft over the range of speeds covered in this investi-

gation. In order to eliminate disk windage and blade pumping and churning losses from

the friction torque, the turbine cavity was evacuated to a pressure of approximately

0.013 newtons per square centimeter. A friction torque value of 0. 285 newton-meter

was obtained at equivalent design rotative speed. This value of friction torque corre-

sponds to 6.1 percent of the work obtained at equivalent design rotative speed and pres-

sure ratio.

Data were obtained at nominal inlet total flow conditions of 300 K and 8.27 newtons

per square centimeter. The turbine was operated over a range of design equivalent

speeds from 0 to 105 percent and over a range of total to static pressure ratios from

1.62 to 5.07.

The turbine was rated on the basis of both total and static efficiency. The total

pressures used in determining these efficiencies were calculated from mass flow, static

pressure, total temperature, and flow angle from the following equation:

P, =f1 1+ 2R(y - 1) 2 T ] / 1

2 y pA cos a)

In the calculation of turbine inlet total pressure, the flow angle was assumed to be zero.

RESULTS AND DISCUSSION

Performance results are presented for a 12. 766-centimeter-tip-diameter, single-

stage, axial-flow turbine. Performance tests were made with air as the working fluid at

inlet total conditions of approximately 8.27 newtons per square centimeter and 300 K.

The range of speed covered was 0 to 105 percent of equivalent design speed, and the

range of total to static pressure ratio covered was 1.62 to 5.07. Experimental results

include overall performance in terms of equivalent mass flow, equivalent torque, equiv-

alent specific work, and efficiency. Also included are results of a radial survey conduc-

ted at design equivalent total to static pressure ratio and rotative speed.

Mass Flow

Figure 6 shows the variation of equivalent mass flow with total to static pressure

ratio. An equivalent mass flow of 0.231 kilogram per second was obtained at equivalent
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design speed and at the equivalent design total to static pressure ratio of 3.16. This
mass flow is about 6.1 percent smaller than the design value of 0.246 kilogram per sec-
ond. Measurements indicated that the stator throat area was fabricated 5. 5 percent
smaller than design. However, the rotor throat area was fabricated to design. There-
fore, a 5.5. percent flow area mismatch occurred. between the stator and rotor, result-
ing in the turbine operating with mismatched velocity diagrams. This mismatch will be
discussed in further detail in the section Turbine Efficiency.

Figure 7 shows the variation of turbine total pressure ratio with turbine inlet total
to exit static pressure ratio for lines of constant speed. This figure was included in the
report as a reference curve for the reader.

Equivalent Torque

:Figure 8 shows the variation of equivalent torque with total to static pressure ratio
for lines of constant speed. An equivalent torque value of 4.29 newton-meters was ob-
tained at equivalent design speed and design total to static pressure ratio. This is about
7.6 percent smaller than design. This lower torque value occurred partly because the
mass flow was 6.1 percent smaller than design. Since the torque was 7.6 percent small-
er than design and the mass flow 6. 1 percent smaller than design, it is apparent that the
turbine total efficiency would be slightly less than the 85 percent selected for this design.
The torque curves show that limiting loading was not reached even though pressure ra-
tios considerably higher than design were obtained.

Rotor Exit Flow Angle

Figure 9 shows the variation of rotor exit flow angle as a function of pressure ratio
for lines of constant equivalent speed. The flow angles were measured at the mean ra-
dius and from the axial direction. Negative angles indicate a positive contribution to
specific work. At design equivalent speed and design total to static pressure ratio of
3.16, the mean radius exit flow angle was about -110. The velocity diagrams of figure 1
show the turbine was designed for a mean-radius, exit flow angle of -17.50 . Part of
this 6. 50 difference was caused by the mismatch in flow area between the stator and
rotor as discussed earlier. As will be discussed in the next section, the remainder of
this difference was caused by a loss core from secondary flows in the stator and rotor.
The presence of this loss core caused the rotor exit flow angle to become less negative
in the region of the rotor midspan.
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Radial Survey Results

Figure 10 shows the results of a radial rotor exit survey obtained at design equiva-

lent speed and total to static pressure ratio. Figure 10(a) shows the radial variation of

local efficiency. A loss.region extending. from a radius ratio of 0.865. to 0.950 can be

noted. As noted by the experimental results of reference 8, this midspan loss region

was believed to occur as a result of low momentum fluid originating along the hub in.the

rotor passage being centrifuged toward the outer wall as it moved downstream. The

presence of this midspan loss region indicates that in small gas turbines, secondary

flows contribute more to the total turbine loss than in larger turbines with aspect ratios

of about two or greater.

Figure 10(b) shows the radial variation of absolute rotor exit flow angle with radius

ratio. The figure indicates that there was a variation of about 4. 50 in flow angle from

hub to tip. Figure 10(c) shows the radial variation of total pressure ratio with radius,

ratio. The region of loss in the midspan region corresponds to the deficit in local effi-

ciency noted earlier.

Turbine Efficiency

A performance map for this turbine is shown in figure 11. The map shows equiva-

lent specific work output Ah/Ocr as a function of the mass flow-speed parameter

Eww/6 for the various equivalent speeds investigated.. Lines of constant pressure ratio

and efficiency are superimposed. Figure 11(a) shows the performance of the turbine

based on total conditions across the turbine. A total efficiency of 83.2 percent was ob-

tained at both equivalent design speed and specific work and equivalent design speed and

pressure ratio. This was -1.8 percentage points lower than the 85 percent selected for

this design..

Over the range of pressure ratio and speeds investigated, the total efficiency varied

from 55 percent near the 30 percent speed line to 84 percent near the 105 percent speed

line. Figure 11(b) shows the performance map based on inlet total to exit static pres-

sure ratio. At the condition corresponding to design equivalent speed and specific work,

the efficiency was about 76 percent. This compared with a design static efficiency of

77 percent. Since the total efficiency was 83.2 percent for this same operating point,
there were 7.2 percentage points in efficiency due to. rotor exit kinetic energy. This

compares with 8 percentage points in efficiency in terms of kinetic energy from the de-

sign velocity diagrams.

Over the range of'pressure ratio and speeds investigated, the static efficiency var-

ied from 45 percent near the 30 percent speed line to 77. 5percent near the 105 percent

speed line.
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In order to evaluate the efficiency potential for this solid blade turbine configuration,
it was necessary to evaluate the performance penalties associated with the geometrical

anomaly that occurred. As discussed in the section Mass Flow, there was a mismatch

between the stator and rotor throat areas.

Reference 9 presents performance results from a larger turbine with a similar

mismatch in flow areas. In this case the stator throat area was 9.4 percent smaller

than design. This reference turbine had a tip diameter of 24.70 centimeters, a design

mass flow of 2. 507 kilogram per second, and a design work factor of 1. 153. Refer-

ence 10 shows that when the stator-rotor flow areas were rematched by opening the

stator throat area by 11.4 percent, the efficiency contours on the performance map

shifted slightly to the left and a gain of about one point in efficiency resulted.

For the subject turbine a rematch in the stator-rotor flow areas to the design value

should also result in a slight shifting to the left of the efficiency contours on the per-

formance map. In this case, however, the improvement in efficiency would be expected

to be less than one efficiency point, because as noted from figure 11(a), the variation of

efficiency with speed and pressure ratio was small in the region of design speed and

work factor. Any improvement in efficiency that would be realized would result from

improved incidence and reaction.

SUMMARY OF RESULTS

An experimental investigation was conducted on a 12. 766-centimeter-tip-diameter,
single-stage, axial-flow turbine over a range of speed and pressure ratio. This turbine

was the solid blade version of a compressor drive turbine designed for a 10-to-1 pres-

sure ratio compressor with a turbine inlet temperature of 1478 K. The turbine was de-

signed for near optimum work factor and solidity. The solid blade version was designed

for minimum tip clearance, and the minimum leading and trailing edge thicknesses that

would be allowable from a manufacturing standpoint. The stator and rotor blading was

selected to be nontwisted. The experimental investigation of this configuration was for

the purpose of determining baseline aerodynamic performance. The results of this cold-

air investigation may be summarized as follows:

1. A total efficiency of 83.2 percent was obtained at both equivalent design speed and

pressure ratio and at equivalent design speed and work factor. This was 1.8 percentage

points less than the 85 percent selected for this design.

2. A flow area mismatch occurred between the stator and rotor because the stator
throat area was fabricated 5. 5 percent undersize. A reference turbine with a similar
anomaly was used to show that the performance penalty associated with this mismatch
would be less than one efficiency point.
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3. A radial rotor exit survey obtained at equivalent design speed and total to static

pressure ratio showed the presence of a loss core due to secondary flow in the vicinity

of the rotor blade midspan. The large extent of this loss region indicates that secondary

flows contribute more to the total turbine losses in small turbines than in larger tur-

bines with aspect ratios at about two or greater.

Lewis Research Center,
National Aeronautics and Space Administration,

and

U.S. Army Air Mobility R&D Laboratory,
Cleveland, Ohio, November 14, 1974,

505-04.
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TABLE I. - TURBINE DESIGN CONDITIONS

Parameter Engine Equivalent

Turbine inlet temperature, T, .K 1478 288. 2

Turbine inlet pressure, pl, N/cm 91. 2 10. 1

Mass flow rate, w, kg/sec 0.952 0. 246

Rotative speed, N, rpm 70 000 31 460

Specific work, Ah, J/g 307. 3 62. 1

Torque, 7, N-m 37. 98 4.64

Power, kW 280 15

Total to total pressure ratio, p'/p3 2. 57 2.77

Total to static pressure ratio, pl/P3  2. 92 3. 16

Total efficiency, 7t 0. 85 0. 85

Work factor, AVu/U 1.67 1.67

TABLE II. -TURBINE PHYSICAL PARAMETERS

Parameter Stator Rotor

Actual chord, cm 1.051 1.051

Axial chord, cm 0.721 0.968

Leading edge radius, cm 0. 102 0.059

Trailing edge radius, cm 0. 020 0. 025

Radius, em

Hub 5.331 5.331

Mean 5.857 5.857

Tip 6.383 6.383

Blade height, cm 1.051 1.051

Solidity 1.61 1.70

Aspect ratio 1.00 1.00

Number of blades 56 59

Radius ratio 0. 835 .0. 835

REPRODUCIBILITY OF T1n

pRIGINAL PAGE IS POOR
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Hub Mean Tip
V
- Q0.169 0.169 0.169vV cr

Station = 1. 032 
0. 62

1, Stator entrance crW -w0.6 4 a2 00..
2, Stator exit - = 0.894 3 .905 .67916
3, Rotor exit Vcr Wcr a3 0 .468

V 0.472
Vcr -- = 0.638 0.701 0.764

Radius (cm) at - cr

Station 1 5.33 5. 86 6. 38
Station 2 5. 33 5. 86 6. 38
Station 3 5.33 5. 86 6. 38
a2, deg 742 74.2 74. 2
P2, deg 56.7 48.2 34 4
a3, deg -23.3 -17. 5 -11. 6
33, deg -61.9 -61. 9 -61. 9

Figure 1. - Design velocity diagrams.

1. 2 - Exit free stream
Hub velocity Tip

.8

-o"n -Inlet free
..E .4 stream

=3 velocity

(a) Stator.
1. 2 - - Exit free stream

- Hub
Mean Tip

> .8

" .4

inlet free stream velocity

0 .4 .8 1.2 0 .4 .8 1.2 0 .4 .8 1.2
Fraction of axial chord

(b) Rotor.

Figure 2. - Design blade surface velocity distributions at hub, mean, and tip.
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(a) Stator assembly.

C-73-1715

(b) Rotor and shaft assembly.

Figure 3. - Turbine test hardware.
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Figure 4. - Experimental equipment.

IEPRODUCIBLIrY OF THE
ORIGINAL PAGE IS POOR

16



Flow

-r Station 4:

r Station 2 I Total temperature

Station 3:

\-Station 1: Total temperature

'Total temperature Total pressure
Static pressure Static pressure

(hub-and tipl (hub and tip)
Flow angle

CD:-11739-15

Figure 5. - Schematic of turbine.
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Figure 6. - Variation of mass flow with pressure ratio and speed.

3.8 -

3.4-

.6 3.0

Percent of
S2.6 equivalent

design speed

O 105

2 - 0 100
A 90
o 70

1. 8 -> 50

1.4
1.6 2. 2.4 2.8 3.2 3.6 4.0 44 4.8 5.2

Equivalent inlet total to exit static pressure ratio, (pp3)q

Figure 7. - Variation of total pressure ratio with total to static pressure ratio.
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Figure 8. - Variation of torque with pressure ratio and speed.
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Figure 9. - Variation of rotor exit flow angle with pressure ratio and speed.
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Figure 10. - Variation of local efficiency, flow angle, pressure ratio with radius ratio at
and design speed and pressure ratio.
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Figure 11. - Overall total performance map.
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